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ABSTRACT

A silylated Coumarin 4 (derCoum) laser dye has been incorporated over a large
range of concentrations in sol-gel silica composites. Optically transparent films of derCoum
and Coumarin 4 (Coum) doped silica were obtained; and their absorption and fluorescence
spectra and fluorescence efficiency were measured. Dye extraction was investigated as a
function of sol-gel processing conditions. Dye extraction results indicated that prehydrolysis
of the derCoum and full hydrolysis of TMOS resulted in films from which the dye could not
be extracted, suggesting that all the dye is bonded within the sol-gel matrix. The silylated
dye films showed higher fluorescence efficiency at all concentrations with respect to the
normal dye film.

1. INTRODUCTION

The past decade has seen great interest in producing a solid-state organic gain
medium. Since dye/solvent lasers require pumping systems, and have limited lifetimes due
to photo-decomposition and chemical instability, solid state organic media appear attractive
for tunable solid state lasers, especially in the visible.

Laser dye molecules have been doped into both polymers and inorganic glasses.
Polymer hosts suffer significant photodegradation due to free radical formation of the dye
molecules 1. Inorganic hosts appear more attractive because they have high laser damage
thresholds. Because of the limited temperature stability of organic lasing dyes, using a low
temperature sol-gel process is attractive for incorporating organic molecules within an
inorganic host. Numerous lasing dyes, such as rhodamines >’ and coumarins #?, have been
incorporated within sol-gel hosts of silica, alumina, and organically modified silica
(Polycerams). Caging lasing dyes within a sol-gel host has shown improved (but still

inadequate) photostability and has permitted high dye concentrations without undesirable
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dye aggregation 2. Dye/host interactions could provide for greater tuning of the fluorescence,
improved photostability, reduced photodegradation, and even improved quantum efficiency
of the fluorescence.

A number of silylated dyes, such as silylated Disperse Red 1 31

, silylated para-
nitroaniline >, and silylated dinitroaniline (TDP) ', have been incorporated in sol-gel
matrices for nonlinear optic applications. Silylated dyes have been used to bond the dye

chemically within the matrix.

The use of silylated active molecules seems attractive for laser dye/sol-gel
nanocomposites. Increase in the effective molecular rigidity and possible reduction in
aggregation could provide for improved quantum yield by limiting nonradiative transitions.
Also, it is hypothesized that improved photostability may be achieved due to further
reduction of both vibrational and rotational modes of energy dissipation and greater dye
isolation. Isolation of the dye molecules limits the interaction between the molecules
reducing intersystem crossing to the triplet states and hence reducing decomposition.

The present study has investigated the effects of bonding a fluorescent dye within a
sol-gel matrix. A Coumarin 4 (Coum) laser dye was chosen because it has an -OH group
which was readily functionalizable to form a silylated dye. Unfunctionalized Coum has been
successfully incorporated in sol-gel matrices and its fluorescent properties have been well
characterized & *?*%, In this paper, the absorption and fluorescent properties of Coumarin
4 and a functionalized Coumarin 4 (derCoum) in solvent and sol-gel films are reported.
Also, the chemical stability of functionalized and unfunctionalized dye/silica nanocomposites
are reported.

2. EXPERIMENTAL

2.1. Preparation of derCoum

7-hydroxy-4-methylcoumarin (Coumarin 4) (Aldrich Chemical Company) was
recrystallized and reacted with 3-isocyanatopropyltriethoxysilane (Huls) to obtain O-4-
methylcoumarinyl-N-[3-(triethoxysilyl)-propyl]carbamate (derCoum) * as shown in Fig. 1.
The reaction was carried out in tetrahydrofuran (THF) with a tin catalyst and was
monitored by FTIR (Perkin-Elmer 1725x). During the formation of the derCoum, the
isocyanate peak (2290 cm™) disappeared and the urethane peak (1765 cm™) increased. DSC
(Perkin-Elmer DSC-7) also confirmed formation of derCoum by indicating a large change
in the melting point, 192 C for Coum and 95 C for derCoum.

2.2. Preparation of sol-gel/dye nanocomposites

DerCoum and Coum were doped at various concentrations in sol-gel derived silica to form
thin films. Typically, tetramethoxysilane (TMOS) and H,O (acidified to 0.15 M HCI) were
mixed in a glass vial at a TMOS:H,O molar ratio of 1:4. Initially, the H,O was insoluble
within the TMOS, but rapid hydrolysis produced a miscible solution within a few minutes.
Separately, the dye was dissolved in MeOH. DerCoum was more soluble than Coum in the
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Fig. 1: Synthetic route for derCoum.

solvent. Additional H,O was added with derCoum solutions at a derCoum:H,O molar ratio
of 1:3. The two solutions were mixed, resulting in a solution with a desired TMOS:dye molar
ratio. The solids:solvent ratio of the final solution was maintained at a 1:2 weight ratio for
all solutions. The pH of the solutions ranged from 1.8-2.2 depending on the dye
concentration. After aging for 24 hrs, the solutions were passed through 0.8 pm filters and
spin coated on pre-cleaned microscope slides (Gold Seal) at 2000 rpm for 20 sec. The films
were dried at 125 C for 48 hrs in vacuum. All films were about 0.5 pm as measured with
a Dektak II profilometer. All derCoum doped films were transparent, whereas at high
concentrations, Coum-doped films appeared slightly cloudy due to crystallization of the
Coum dye.

Table 1 indicates the samples made for this study. Note that the derCoum:silica molar ratio
was measured taking into account the SiO, which results from the silylated dye. Therefore,
a 1.0 M composition is a 100% derCoum film. The dye concentration represents the moles
of dye per liter of solvent in the sol-gel solution. The dye densities (#/cm®) were calculated
assuming a skeletal density of 2.05 gm/cm?.
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Table 1: Laser dye/sol-gel samples investigated.

derCoum Coum :SiO, | Dye Dye Density
:Si0, Concentration | (cm?)
(moles/L)

|| 10° 10° 2.0*10° 2.3*10"7

“ 10+ 10+ 2.0*10* 2.3*10"
103 10? 2.0*103 2.3*10%
10? 10 2.0*10%? 2.2*%10%°

|| 0.1 0.1 1.8*10" 1.5*10%

2.3. Optical characterization

Absorption spectra were measured using a Perkin-Elmer Lambda 3B UV/VIS
spectrophotometer. A blank microscope slide was used as a reference for the film spectra.

The samples were pumped at normal incidence with a N, laser (Photochemical
Research Associates LN1000) at 337 nm with a pulse rate of 6 Hz. The fluorescence spectra
were measured using the arrangement shown schematically in Fig. 2. A filter was placed in
front of the optical multichannel analyzer (OMA) (EG&G) to block off the 337 nm light.
The spectrometer of the OMA was calibrated with a mercury light source.

Nitrogen
Laser

- plano-convex lens

- dielectric mirror
- bi-convex lens
- beamsplitter

Fig. 2: Schematic of fluorescence measurement apparatus.
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4 xtraction m remen

To characterize the dye incorporation within the sol-gel matrix, dye extraction
measurements were performed The sol-gel films were soaked in THF at 50 C for several
days. The THF was kept in an enclosed glass container, and a reflux condenser was used to
prevent loss of solvent by evaporation. The samples were periodically removed and the
absorbance was measured at the absorption maximum wavelength.

RE DI ION

1, Al ion and fluorescenc T

Numerous chemical forms of Coum are known depending on its environment (e.g.,
pH) in solvent and sol-gel hosts ®?* %, Three of the ground state forms - neutral, anionic,
and cationic - absorb at 320, 365, and 340 nm, respectively, and fluoresce at 400, 455, and
420 nm, respectively. The zwitterionic exciplex form fluoresces at 475 nm. The structure of
chemical forms of Coum are illustrated in Fig. 3.
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Fig. 3: Structure of different forms of Coum.?

Fig. 4 shows the absorption and the fluorescence curves for Coum and derCoum dyes
at approximately 10° moles/L in MeOH adjusted to a pH of 2.0 by the addition of HCL.
Both of the dyes have very similar absorption spectra with a maximum at 319 nm, indicating
the presence of the neutral ground state. The fluorescence of both dyes was also very
similar. Multiple fluorescence emission was observed. This is attributed to the presence of
the neutral, anionic, and zwitterionic forms in the excited state.

Blue fluorescence was observed in all the dye doped films. The absorption and
fluorescence spectra of Coum and derCoum films at 0.01 M appear very similar (Fig. 5).
Both absorb near 320 nm and fluoresce in the 430-460 nm range, but the absorption at the
tail wavelengths (350-400 nm) of the derCoum films was higher than with Coum films. This
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increased absorption is believed responsible for the slight narrowing of the fluorescence
bandwidth. Similar results were obtained for the films at other concentrations.

The fluorescence spectra of the solvent samples and the sol-gel films were quite
different even though they were measured at similar pH values. This indicates that sol-gel
environment greatly affects the fluorescence emission of the dye.
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Fig. 4: Absorption and fluorescence curves of Coum (solid) and derCoum (dotted) in
MeOH at pH 2.0.
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Fig. 5: Absorption and fluorescence curves of Coum (solid) and derCoum (dotted) in
dried sol-gel silica films.
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3.2, Fluorescence efficiency

The fluorescence quantum yield could not be measured quantitatively with the
experimental setup used. The fluorescence efficiency can be described as the ratio of the
number of photons emitted to the number of photons absorbed or as:

where k; is the fluorescence rate constant, k; is the internal conversion rate constant, and
the k. is the intersystem crossing rate constant. The relative fluorescence efficiency was
determined for the sol-gel films by dividing the area of its fluorescence spectrum by the
absorption at the excitation beam wavelength (337nm). Fig. 6 is a plot of this fluorescence
efficiency as a function of concentration for the dye/sol-gel films. The fluorescence efficiency
was higher for the derCoum films at all concentrations. In contrast, both Coum and
derCoum in solvent had essentially the same fluorescence intensity, indicating that both have
similar fluorescence efficiencies. The maximum in the fluorescence efficiency was observed
at higher concentrations for the derCoum films (0.01 M) than for the Coum films (0.001 M).
The silylated dye film showed a 2 fold increase in the fluorescence efficiency at 0.01 M
concentration with respect to the normal dye. This improvement is believed to be attributed
to the greater rigidity of derCoum [reflecting a reduction of the internal conversion rate

constant (k. )], and greater dye isolation [reflecting a reduction of the intersystem crossing
rate constant (k)]
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Fig. 6: Fluorescence efficiency as a function of concentration for dye doped films.
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xtraction

Dye extraction experiments proved valuable in determining the degree of dye
incorporation within the matrix. In Fig. 7, the absorption of the films (normalized to the film
absorption before soaking) is plotted as a function of the soak time in THF. The derCoum
sample did not show any decline in the absorbance after nearly 4500 min. This indicates that
the dye is bonded to the SiO, matrix. In contrast, the Coum film showed a decrease in
absorption of more than 80% within 1500 min of soaking, indicating substantial dye loss.
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Fig. 7: Dye extraction of derCoum and Coum films.
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Fig. 8: Dye extraction of derCoum /SiO, films at various TMOS:H,O ratios.
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The leachability of the dye from its hosts depend significantly on the processing
conditions (e.g., order of precursor mixing, hydrolysis time and water content). Prehydrolysis
of the derCoum before mixing with TMOS resulted in films in which the derivatized dye
could not be removed (Fig. 7). Complete hydrolysis of derCoum with H,O took about 45-60
minutes, determined by monitoring the -OH band with FTIR. Such hydrolysis is slow
compared with the hydrolysis of TMOS. Prehydrolyzing the slowest hydrolyzing species
resulted in greater dye-silica condensation.

The water content also played a large role in the incorporation of derCoum within
the sol-gel films (Fig. 8). Large dye loss occurred with a solution processed under partial
hydrolysis (TMOS:H,0=1:2), while no dye loss was observed with full hydrolysis
(TMOS:H,O = 1:4). For other conditions, where the solution was processed under partial
hydrolysis and additional water was periodically added to reach stoichiometric water content,
slight dye loss was observed. The more permanent dye incorporation at high water content
is attributed the greater hydrolysis of the dye and TMOS, resulting in greater condensation
of the dye with the silica matrix.

In all variations of processing explored, the Coum dye was always almost completely
extracted from the film within 1500 min of soaking. With solutions processed under full
hydrolysis conditions, Coum was extracted more slowly than under partial hydrolysis
conditions.

These results indicate that under proper processing conditions, the silylated dye can
be incorporated within a sol-gel matrix to provide a more chemically stable material than
with a normal dye. This allows for the incorporation of large concentrations of organic
species while maintaining high chemical and environmental stability.

4. CONCLUSIONS

Coum and silylated Coum laser dyes have been successfully incorporated within sol-
gel silica composites over a large range of concentrations. Absorption and fluorescence
spectra of the two dyes were very similar, indicating that the functionalization of the dye did
not alter its fluorescent properties. Under proper processing conditions, derCoum could not
be removed from the film through solvent extraction at elevated temperatures, indicating
that the derCoum was completely bonded within the matrix. In contrast, large dye loss was
observed in Coumarin 4 films under all processing conditions. The derCoum films show a
higher fluorescence efficiency at all concentrations than the Coum films. This is attributed
to the greater rigidity and isolation of the silylated dye within its host.

S. ACKNOWILEDGEMENTS

The financial support of the Air Force Office of Scientific Research is gratefully
acknowledged.

318/ SPIE Vol. 2288 Sol-Gel Optics 111 (1994)



10.

11.

12,
13.

14.

15.

16.

17.

6. REFERENCES

K. Dyumaev, A. Manenkov, A. Maslyukov, G. Matyushin, V. Nechitailo and A.
Prokhorov, "Dyes in Modified Polymers: Problems of Photostability and Conversion
Efficiency at High Intensities", J. Opt. Soc. Am. B 9, 143-151 (1992).

D. Anvir, D. Levy and R. Reisfeld, "The Nature of the Silica Cage As Reflected by
Spectral Changes and Enhanced Photostability of Trapped Rhodamine 6G", J. Phys.
Chem. , 5956-5959 (1984).

B. Dunn, F. Nishida, J. Altman and R. Stone, in Chemical Processing of Advanced
Materials L. Hench, J. West, Eds., 941-951 (1992).

T. Fujii and A. Ishii, "Absorption and Fluorescence Spectra of Rhodamine B
Molecules Encapsulated in Silica Gel Networks and their Thermal Stability", Journal
of Photochemistry and Photobiology, A: Chemistry 54, 231-237 (1990).

D. Logan, C. Ashley, R. Assink and C. Brinker, "Sol-Gel/Rhodamine 6G Composite
Films with Tailored Microstructures”, SPIE 1758, 519-529 (1992).

J. McKiernan, S. Yamanaka, B. Dunn and J. Zink, "Spectroscopy and Laser Action
of Rhodamine 6G Doped Aluminosilicate Xerogels", J. Phys. Chem. 94, 5652-5654
(1990).

U. Narang, F. Bright and P. Prasad, "Characterization of Rhodamine 6G-Doped Thin
Sol-Gel Films", Applied Spectroscopy 47, 229-234 (1993).

T. Fujii, Y. Murata and M. Matsui, "Multiple Fluorescence Spectra and Stable
Encapsulation of 7-Hydroxy-4-Methylcoumarin and Rhodamine 6G in Silicate Glasses
by the Sol-Gel Method", Research on Chemical Intermediates 18, 87-103 (1992).

B. Dunn and J. Zink, "Optical Properties of Sol-Gel Glasses Doped with Organic
Molecules", J. Mater. Chem. 1, 903-913 (1991).

E. Knobbe, B. Dunn, P. Fuqua and F. Nishida, "Laser Behavior and Photostability
Characteristics of Organic Dye Doped Silicate Gel Materials", Applied Optics 29,
2729-2733 (1990).

Y. Kobayashi, H. Sasaki, S. Muto, S. Yamazaki and Y. Kurokawa, "Preparation of
a Transparent Alumina Film Doped with Fluorescence Dye and its Energy Transfer
Laser Emission", Thin Solid Films 200, 321-327 (1991).

R. Gvishi and R. Reisfeld, "Spectroscopy of Laser Dye Oxazine-170 in Sol-Gel
Glasses", J. Non-Cryst. Solids 128, 69-76 (1991).

F. Chaput, D. Riehl, Y. Levy and J. Boilot, "Azo Oxide Gels for Optical Storage”,
Chem. Mater. 5, 589-591 (1993).

R. Jeng, Y. Chen, A. Jain, J. Kumar and S. Tripathy, "Second Order Optical
Nonlinearity on a Modified Sol-Gel System at 100 C", Chem. Mater. 4, 972-975
(1992).

C. Claude, B. Garetz, Y. Okamoto and S. Tripathy, "Organically Modified Silicates
that Exhibit Nonlinear Optical Properties", Polymer Preprints 34, 709-710 (1993).
C. Claude, B. Garetz, Y. Okamoto and S. Tripathy, "The Preparation and
Characterization of Organically Modified Silicates the Exhibit Nonlinear Optical
Properties", Materials Letters 14, 336-342 (1992).

J. Kim, J. Plawsky, E. Wagenen and G. Korenowski, "Effect of Processing Parameters
and Polymerization Behavior on the Nonlinear Optical Response of Sol-Gel
Materials", Chem. Mater. 5, 1118-1125 (1993).

SPIE Vol. 2288 Sol-Gel Optics 111 (1994) / 319



18.

19.

20.

21.

22.

23.
24,

G. Puccetti, E. Toussaere, I. Ledoux and J. Zyss, "Orientation of Organic Molecules
in Sol-Gel Matrices for Quadratic Nonlinear Optics", Polym Preprints 32, 61-62
(1991). _

E. Toussaere, J. Zyss, P. Griesmar and C. Sanchez, "Second Harmonic Generation
from Poled Organic Molecules Incorporated in Sol-Gel Matrices", Nonlinear Optics
1, 349-354 (1991).

Y. Kobayashi, Y. Imai and Y. Kurokawa, "Preparation of a Transparent Alumina
Film Doped with Organic Dye by the Sol-Gel Process", Journal of Material Science
Letters 7T, 1148-1150 (1988).

D. Lo, J. Parris and J. Lawless, "Multi-Megawatt Superradiant Emissions from
Coumarin-Doped Sol-Gel Derived Silica", Appl. Phys. B 55, 365-367 (1992).

J. M. McKiernan, S. A. Yamanaka, E. Knobbe, J. Pouxviel, S. Parvaneh, B. Dunn
and J. Zink, "Luminescence and Laser Action of Coumarin Dyes Doped in Silica and
Aluminosilicate Glasses Prepared by Sol-Gel Technique", Journal of Inorganic and
Organometallic Polymers 1, 87-103 (1991).

B. Arkles, U.S. Patent 4,918,200 (1990). '

A, Dienes, C. V. Shank and R. L. Kohn, "Characteristics of the
4-Methylumbelliferone Laser Dye", IEEE Journal of Quantum Electronics QE-9,
833-843 (1973).

320/ SPIE Vol. 2288 Sol-Gel Optics 111 (1994)



